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Human papillomavirus (HPV) type 16 (HPV 16) and HPV type 18 (HPV 18) are implicated in the induction
and progression of the majority of cervical cancers. Since the E6 and E7 oncoproteins of these viruses are
expressed in these lesions, such proteins might be potential tumor-specific targets for immunotherapy. In this
report, we demonstrate that recombinant, full-length E7-pulsed autologous dendritic cells (DC) can elicit a
specific CD8™" cytotoxic T-lymphocyte (CTL) response against autologous tumor target cells in three patients
with HPV 16- or HPV 18-positive cervical cancer. E7-specific CTL populations expressed strong cytolytic
activity against autologous tumor cells, did not lyse autologous concanavalin A-treated lymphoblasts or
autologous Epstein-Barr virus-transformed lymphoblastoid cell lines (LCL), and showed low levels of cyto-
toxicity against natural killer cell-sensitive K562 cells. Cytotoxicity against autologous tumor cells could be
significantly blocked by anti-HLA class I (W6/32) and anti-CD11a/LFA-1 antibodies. Phenotypically, all CTL
populations were CD3*/CD8™, with variable levels of CD56 expression. CTL induced by E7-pulsed DC were
also highly cytotoxic against an allogeneic HLA-A2* HPV 16-positive matched cell line (CaSki). In addition,
we show that specific lymphoproliferative responses by autologous CD4* T cells can also be induced by
E7-pulsed autologus DC. E7-specific CD4™ T cells proliferated in response to E7-pulsed LCL but not unpulsed
LCL, and this response could be blocked by anti-HLA class II antibody. Finally, with two-color flow cytometric
analysis of intracellular cytokine expression at the single-cell level, a marked Th1-like bias (as determined by
the frequency of gamma interferon- and interleukin 4-expressing cells) was observable for both CD8" and
CD4™* E7-specific lymphocyte populations. Taken together, these data demonstrate that full-length E7-pulsed
DC can induce both E7-specific CD4" T-cell proliferative responses and strong CD8" CTL responses capable
of lysing autologous naturally HPV-infected cancer cells in patients with cervical cancer. These results may
have important implications for the treatment of cervical cancer patients with active or adoptive immuno-

therapy.

Human papillomavirus (HPV) infection represents the most
important risk factor for developing cervical cancer. Although
there are over 20 oncogenic HPV genotypes, HPV type 16
(HPV 16) and HPV type 18 (HPV 18) are the more prevalent
in cervical cancer regardless of geographical origin (11). The
E6 and E7 transforming oncoproteins of these two viruses are
detected in the vast majority of HPV-positive cancer biopsies
and almost all HPV-containing cell lines and play a crucial role
in both transformation and maintenance of the malignant phe-
notype (for a review, see reference 12). Therefore, E6 and E7
could be ideal candidates as potential tumor-specific targets
for cervical cancer immunotherapy.

Several lines of evidence suggest that cell-mediated immune
responses are important in controlling both HPV infections
and HPV-associated neoplasms. First, there is an increased
incidence of associated genital cancer in immunosuppressed
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patients, while only a minority of genital HPV infections result
in the development of cancer in otherwise healthy individuals
(32, 39, 41). Second, infiltrating CD4" (T-helper cells) and
CD8™" (cytotoxic or suppressor T cells) T cells have been ob-
served in spontaneously regressing HPV-associated warts.
Third, studies with animals have demonstrated that immunized
animals are protected from papillomavirus infections and from
transplanted tumor cells expressing HPV E6 or E7 oncopro-
teins (14, 15, 30).

Despite these observations, to date, only a few reports have
demonstrated the generation of HPV E6- and E7-specific cy-
totoxic T lymphocytes (CTLs) in cervical cancer patients, sug-
gesting that CTL precursors may be present at very low levels
(1, 19, 36). However, targets naturally infected by HPV (e.g.,
keratinocytes) are known to express low levels of viral proteins
(22, 46) and major histocompatibility complex restriction ele-
ments (17, 24) as well as to lack costimulation molecules cru-
cial for naive T-cell priming (35). Therefore, presentation of
viral antigens by these nonprofessional antigen-presenting cells
(APC) could at least in part explain the capacity of HPV for
evading the host immune system (35). Consistent with this
hypothesis, hyporesponsiveness or tolerance has been previ-
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ously reported following the presentation of “non-self” anti-
gens by keratinocytes (5, 31, 35).

Studies performed by several groups have recently estab-
lished the key role played by dendritic cells (DC) in the im-
mune system and have provided a rationale for using DC as
natural adjuvants for human immunotherapy (for a review, see
reference 45). DC are the most effective APC at activating
naive T cells (45, 51), and recently the combination of granu-
locyte-macrophage colony-stimulating factor (GM-CSF) and
interleukin 4 (IL-4) has been shown to generate large numbers
of DC for manipulating the immune response of autologous
human T cells (44). In this study, we have used autologous DC
pulsed with full-length HPV 16 or HPV 18 E7 oncoprotein to
induce an HPV E7-specific T-cell response in HPV 16- or HPV
18-positive cervical cancer patients. Here, using a completely
autologous system, we report the in vitro generation of E7-
specific proliferative responses by autologous CD4" lympho-
cytes as well as the in vitro induction of HLA class I-restricted
CD8" CTLs against naturally HPV 16- or HPV 18-infected
autologous cervical tumors in three patients with invasive cer-
vical cancer. In addition, using two-color flow cytometric anal-
ysis of intracellular cytokine expression at the single-cell level,
we show that a strongly polarized type 1 pattern of cytokine
secretion is inducible in the E7-primed CD8" and CD4™" pop-
ulations of all three patients.

This report is the first demonstration that class I- and class
II-restricted HPV 16 and HPV 18 E7-specific autologous lym-
phocytes can consistently be induced in cervical cancer patients
in vitro by use of full-length E7-pulsed autologous DC. This
novel approach overcomes several of the limitations imposed
by the use of peptide epitope-based vaccines in an outbred
population such as humans and therefore may have important
implications for the treatment of cervical cancer patients with
active or adoptive immunotherapy.

MATERIALS AND METHODS

Patients. Three patients who had undergone total abdominal hysterectomy for
invasive cervical cancer were the sources of tumor tissue and peripheral blood
lymphocytes. Specimens were obtained at the time of surgery through the Divi-
sion of Gynecologic Oncology, Department of Obstretrics and Gynecology, and
the Pathology Department at the University of Arkansas for Medical Sciences,
Little Rock, under the approval of the Institutional Review Board. HPV typing
was performed on fresh tissue biopsy material and on the derived fresh cultures
by PCR with sequence-specific primers for HPV 16, HPV 18, HPV type 31, HPV
type 33, HPV type 52b, and HPV type 58 (20). Patients 1 and 2 had stage IB2 and
IIB squamous cell carcinomas positive for HPV 16 and were 36 and 45 years old,
respectively, while patient 3 had stage IB2 adenocarcinoma positive for HPV 18
and was 27 years old. Patients 1 and 2 had received radiation and/or chemother-
apy-radiation treatments prior to surgery, while patient 3 had not received any
form of therapy prior to surgery.

Tumor cell lines. The natural killer cell (NK)-sensitive target K562 (a human
erythroleukemia cell line) and the allogeneic HLA-A2" HPV 16-positive CaSki
cervical cancer cell line (36) were purchased from the American Type Culture
Collection, Rockville, Md., and maintained at 37°C in complete medium con-
taining RPMI 1640 (Gibco-BRL, Grand Island, N.Y.) and 10% fetal bovine
serum (Gemini Bioproducts, Calabasas, Calif.) in 5% CO,. Fresh autologous
tumor cells were obtained from multiple punch biopsies from all patients. Biop-
sies were divided into two parts, for histopathologic evaluation and for in vitro
studies. Fresh tumor cell lines were maintained in serum-free keratinocyte me-
dium (Gibco-BRL, Grand Island, N.Y.) supplemented with 5 ng of epidermal
growth factor per ml and 35 to 50 g of bovine pituitary extract (Gibco-BRL) per
ml at 37°C in 5% CO,. Briefly, single-cell suspensions were obtained by process-
ing solid tumor samples under sterile conditions at room temperature. Viable
tumor tissue was mechanically minced in RPMI 1640 to portions no larger than
1 to 3 mm?® and washed twice in RPMI 1640. The portions of minced tumor tissue
were placed into 250-ml trypsinizing flasks containing 30 ml of enzyme solution
(0.14% collagenase type I [Sigma, St. Louis, Mo.] and 0.01% DNase [2,000
kilounits/mg] [Sigma]) in RPMI 1640 and incubated on a magnetic stirring
apparatus overnight at 4°C. Enzymatically dissociated tumor was filtered through
150-pm-pore-size nylon mesh to generate a single-cell suspension. The resultant
cell suspension was washed twice in RPMI 1640 plus 10% autologous plasma. All
experiments were performed with fresh or cryopreserved tumor cultures which
had at least 90% viability and contained >99% tumor cells.
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HLA phenotypic analysis of CD8" cultures. HLA class I typing of purified
CD8™ cultures was performed by standard lymphocytotoxicity testing (25) in the
Tissue Typing Laboratory of the Bone Marrow Transplantation and Blood
Transfusion Service at the University of Arkansas for Medical Sciences.

Plasmids and production of E7 proteins. Large amounts of purified E7 onco-
proteins of HPV 16 and HPV 18 were generated by use of previously charac-
terized plasmids encoding glutathione S-transferase (GST)-E7 fusion proteins
(4, 29). Briefly, GST and derivative fusion proteins were maintained in Esche-
richia coli BL21, and protein expression was induced in cultures at an optical
density at 600 nm of 0.6 by the addition of isopropyl-B-p-thiogalactoside (IPTG;
final concentration, 0.1 mM). Cultures were grown for 6 h for large-scale prep-
arations (2,000 to 4,000 ml). Cells were pelleted, washed once in ice-cold phos-
phate-buffered saline (PBS; pH 7.4), and resuspended for disruption by sonica-
tion on ice in short bursts. Triton X-100 (20%) in PBS was added to a final
concentration of 1% and mixed gently for 30 min to aid in the solubilization of
the fusion proteins. The bacterial lysate was centrifuged at 12,000 X g for 10 min
at 4°C, and the supernatant was purified with a glutathione-Sepharose 4B Re-
diPack column in accordance with the procedures suggested by the manufacturer
(Pharmacia Biotech, Inc., Piscataway, N.J.). Cleavage of E7 oncoprotein from
GST was achieved by use of a site-specific protease (e.g., human thrombin)
(Sigma) at 100 U in 2 ml of PBS at room temperature for 16 h. E7 oncoprotein
was eluted from the column by spinning (1,000 X g for 5 min), and collected
material was filter sterilized. The purity of the protein was analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and Coomassie blue staining,
while quantification was obtained spectrophotometrically by the Bio-Rad Labo-
ratories (Hercules, Calif.) protein assay. Preparations were typically >98% pure
E7 oncoprotein.

Isolation of PBMC and generation of DC. Peripheral blood mononuclear cells
(PBMC) were separated from heparinized venous blood by Ficoll-Hypaque
(Sigma) density gradient centrifugation and either cryopreserved in RPMI 1640
plus 10% dimethyl sulfoxide and 30% autologous plasma or immediately used
for DC generation. Briefly, PBMC obtained from 42 ml of peripheral blood were
placed into six-well culture plates (Costar, Cambridge, Mass.) containing 3 ml of
AIM-V (Gibco-BRL) at 0.5 X 107 to 1 X 107 per well. After 2 h at 37°C,
nonadherent cells were removed, and adherent cells were cultured at 37°C in a
humidified 5% CO,-95% air incubator with medium supplemented with recom-
binant human GM-CSF (800 U/ml; Immunex, Seattle, Wash.) and IL-4 (1,000
U/ml; Genzyme, Cambridge, Mass.) (44). In early experiments, only GM-CSF
(800 U/ml) was used. Every 2 days, 1 ml of spent medium was replaced by 1.5 ml
of fresh medium containing 1,600 U of GM-CSF per ml and 1,000 U of IL-4 per
ml to yield final concentrations of 800 and 500 U/ml, respectively (44). After 6 or
7 days of culturing, DC were harvested for pulsing with HPV 16 or HPV 18 E7
oncoproteins as described below.

DC pulsing. Following culturing, DC were washed twice in AIM-V and added
to 50-ml polypropylene tubes (Falcon, Oxnard, Calif.). The cationic lipid
DOTAP (Boehringer Mannheim Biochemicals, Indianapolis, Ind.) was used to
deliver the HPV 16 or HPV 18 E7 proteins into cells. E7 oncoprotein (100
png/ml) and DOTAP (125 pg in 500 wl of AIM-V) were mixed in polystyrene
tubes (12 by 75 mm) at room temperature for 20 min. The complex was added
to DC in a total volume of 2 to 5 ml of AIM-V, and the mixture was incubated
at 37°C in an incubator with occasional agitation for 3 h. The cells were washed
twice in PBS and resuspended in AIM-V as described below.

In vitro generation of HPV E7-specific CTLs. Fresh or cryopreserved re-
sponder PBMC were washed and resuspended in AIM-V at 10 X 10° to 20 X 10°
cells/well in six-well culture plates with E7-pulsed autologous DC (responder
PBMC/DC ratios of 20:1 to 30:1). The cultures were supplemented with recom-
binant human GM-CSF (500 U/ml) and recombinant human IL-2 (10 U/ml;
Aldesleukin; Chiron Therapeutics, Emeryville, Calif.) and incubated at 37°C.
Recombinant human IL-2 (10 U/ml) was added to the cultures thereafter every
3 to 4 days. At day 21, CD8" cells were separated from the bulk cultures by
positive selection with CD8-Dynabeads (Dynal Inc., Lake Success, N.Y.) and
further expanded in number for 5 to 7 days by use of autologous or allogeneic
irradiated PBL (5,000 cGy) (10° cells/well) and an anti-CD3 monoclonal anti-
body (MAb) (Ortho Pharmaceutical Corp., Raritan, N.J.) (0.2 wg/ml) plus 5%
autologous plasma and 100 U of IL-2 per ml in 24-well plates (Costar) before
being assayed for CTL activity. As negative control targets, autologus lympho-
blasts were prepared by 3 days of stimulation with concanavalin A (ConA)
(Gibco-BRL; 1 pg/ml) in RPMI 1640 plus IL-2 (25 U/ml) and 5% autologous
plasma, while Epstein-Barr virus (EBV)-transformed autologous lymphoblastoid
B-cell lines (LCL) were established by coculturing of PBMC with EBV-contain-
ing supernatant from the B95.8 cell line in the presence of 1 ug of cyclosporine
(Sandoz, Camberley, United Kingdom) per ml and were maintained in AIM-V
supplemented with 10% human AB serum (Gemini Bioproducts).

T-cell proliferation assay. CD4" T cells derived from day-21 CD8-depleted
T-cell populations were restimulated once with E7-pulsed DC at a 20:1 ratio and
further purified 2 weeks later by positive selection with CD4-Dynabeads (Dynal)
to obtain a population more than 99% pure. Specific lymphoproliferative re-
sponses against E7 were tested by use of autologous LCL pulsed with full-length
E7 in the presence of DOTAP as described above for DC pulsing. Irradiated
(7,500 c¢Gy) E7-pulsed or unpulsed autologous LCL were seeded in 96-well
plates (2 X 10* cells/well). CD4* T cells (2 X 10* cells/well) were tested for
specific proliferation after 72 h. Cultures were pulsed with 1 wCi of [*H]thymi-
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dine per well for the last 16 h, and incorporated radioactivity was measured as
described previously (33). HLA restriction of the proliferative responses was
investigated by adding an anti-HLA class II MAb (L-243) or an anti-HLA class
I MAb (W6/32) (50 pg/ml) (hybridomas were obtained from the American Type
Culture Collection). All assays were carried out in triplicate wells.

Cytotoxic activity. A 6-h chromium (°'Cr) release assay was performed as
previously described (33) to measure the cytotoxic reactivity of E7-stimulated T
lymphocytes. In addition to autologous cervical tumor cells, the allogeneic HPV
16-positive CaSki cell line, sharing with patient 1 the HLA-A2 restriction ele-
ment (36), was used as a target. The K562 tumor cell line was used as a target for
the detection of NK activity. Autologous ConA-activated PBL and/or EBV-
transformed autologous LCL were used as autologous control targets. To deter-
mine the structures on the effector and target cells involved in lysis, MAbs were
used to block cytotoxicity. Effector cells were preincubated for 30 min at room
temperature with an MAb which recognizes human CD3 (10 pg/ml) or an
anti-CD11a/LFA-1 MAb (10 pg/ml) (Pharmingen, San Diego, Calif.) and its
IgG1l/kappa isotype control MAb against trinitrophenol (10 pg/ml) (Pharmin-
gen). >'Cr-labeled tumor target cells were preincubated with an MAb specific for
monomorphic HLA class T (W6/32) (50 wg/ml). The effector cells and >'Cr-
labeled target cells were incubated in a final volume of 200 wl of RPMI plus 10%
human AB serum/microwell at 37°C with 6% CO,.

Phenotypic analysis of T cells. Enriched cultures of CD8" T cells were phe-
notyped when cytotoxicity was first noted and thereafter in order to correlate
cytolytic specificity with a particular lymphoid subset. Flow cytometry was per-
formed with MADs directly conjugated against the following human leukocyte
antigens: Leu-4 (CD3; pan-T cells); Leu-3 (CD4; T helper/inducer); Leu-2a
(CD8; T cytotoxic/suppressor); Leu-19 (CD56; NK/K cells); Tac (CD25; IL-2
receptor); HLA-DR (L-243); and T-cell receptor (TCR) /B or v/ (TCR-o/B or
TCR-v/3, respectively) (Becton Dickinson, San Jose, Calif.). Analysis was done
with a FACScan (Becton Dickinson).

Flow cytometric analysis of intracellular cytokines. The protocol for flow
cytometry is adapted from that described by Openshaw et al. (37). CD4" and
CD8" T cells were tested at about 6 weeks after priming, after resting for 14 days
after the last antigen stimulation. Briefly, T cells (7.5 X 10°/ml) were incubated
at 37°C for 6 h in AIM-V plus 5% autologous plasma, 50 ng of phorbol myristate
acetate (PMA) per ml, and 500 ng of ionomycin per ml. Brefeldin A (10 pg/ml)
was added for the final 3 h of incubation. Controls (nonactivated cultures) were
incubated in the presence of Brefeldin A only. The cells were harvested, washed,
and fixed with 2% paraformaldehyde in PBS for 20 min at room temperature,
after which they were washed and stored overnight in PBS at 4°C. For intracel-
lular staining, the cells were washed and permeabilized by incubation in PBS plus
1% bovine serum albumin and 0.5% saponin (S-7900; Sigma) for 10 min at room
temperature. Activated and control cells were stained with fluorescein isothio-
cyanate (FITC)-labeled anti-gamma interferon (IFN-y), phycoerythrin (PE)-
labeled anti-IL-4, and isotype-matched control (FITC-labeled anti-IgG2a and
PE-labeled anti-IgG1) antibodies (Becton Dickinson). After being stained, cells
were washed twice with PBS plus 1% bovine serum albumin and 0.5% saponin
and once with PBS plus 0.5% BSA and fixed with 2% paraformaldehyde in PBS.
Analysis was conducted with a FACScan by use of LYSIS II and WinMDI
software (kindly made available by Joe Trotter, Scripps Research Institute, La
Jolla, Calif.).

RESULTS

HLA typing. PBMC from the cervical cancer patients man-
ifested the following haplotypes: patient 1, HLA-A1, -A2, -B7,
-B41, and -CW7; patient 2, HLA-A1, -A2, -B57, -B35, and
-CW6; and patient 3, HLA-A1, -A2, -B7, -B41, -CW2, and
-CW7.

Tumor-specific CD8* cytotoxic responses. Cytotoxicity as-
says were conducted after a minimum of 4 weeks after stimu-
lation of T cells with E7-pulsed DC. For patients 1 and 2, T
cells were stimulated with DC pulsed with HPV 16 E7 protein,
whereas for patient 3, whose cervical adenocarcinoma carried
HPV 18, DC were pulsed with HPV 18 E7 protein. Strong
HLA class I-restricted lysis of autologous tumor cells at an
effector/target cell ratio of 20:1 was seen for each patient (Fig.
1), while lymphocytes stimulated with DC in the absence of E7
oncoprotein failed to generate specific responses against au-
tologous tumor cells (data not shown). The results presented in
Fig. 1 represent the mean of not less than eight assays, with
ranges of 67 to 86% lysis for patient 1, 26 to 67% lysis for
patient 2, and 36 to 70% lysis for patient 3. Some cytotoxicity
against the NK-sensitive cell line K562 was observed, but gen-
erally at a low level, particularly so for patient 1. In all cases,
minimal cytotoxicity was observed against autologous EBV-
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FIG. 1. Tumor-specific HPV 16 and HPV 18 E7-specific CD8" CTL re-
sponses induced by E7-pulsed DC in patients with invasive cervical cancer, as
measured in a 6-h °!Cr release assay. Percent lysis (mean * standard deviation)
at a 20:1 effector/target cell ratio is shown. An anti-HLA class I blocking antibody
(W6/32) was used at 50 pg/ml, while an anti-CD11a/LFA-1 antibody was used at
10 wg/ml. Bars for patient (PT) 1: 1, autologous tumor; 2, autologous tumor plus
W6/32 anti-HLA class I MAD; 3, autologous tumor plus anti-CD11a/LFA-1
antibody; 4, LCL-DOTAP control; 5, LCL-E7; 6, CaSki; and 7, K562. Bars for
patients 2 and 3: 1, autologous tumor; 2, autologous tumor plus W6/32 anti-HLA
class T MAD; 3, autologous tumor plus anti-CD11a/LFA-1 antibody; 4, LCL
control; 5, K562.

transformed LCL (Fig. 1) or autologous ConA-treated lym-
phoblasts (data not shown). For patient 1, we also show that
CD8" CTLs not only killed autologous tumor cells but also
were lytic against E7- and DOTAP-pulsed autologous LCL but
not against DOTAP-pulsed LCL controls, confirming the spec-
ificity of the cytotoxic response for HPV E7. The lower level of
lysis of E7- and DOTAP-pulsed autologous LCL than of tumor
cells may be a reflection of the relative inefficiency of the
cationic liposome method for antigen introduction into the
HLA class I processing and presentation pathway compared
with endogenous protein synthesis in tumor cells. We also
observed that CD8% CTLs from patient 1 were cytotoxic
against the allogeneic HPV 16-positive CaSki cell line (Fig. 1),
which shares HLA-A2 expression with tumor cells from patient
1 (i.e., lysis ranging from 47 to 52% at a 20:1 ratio). This result
suggests that the E7-specific CD8" response in patient 1 is at
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least in part HLA-A2 restricted. Blocking studies indicated
that in all cases, tumor-specific lysis by CD8" T cells was
inhibited by an MAb specific for HLA class I, the ranges of
inhibition being 65 to 91% for patient 1, 67 to 85% for patient
2, and 45 to 82% for patient 3. In addition, we found that an
anti-CD11a/LFA-1 MAb but not an anti-CD3 MAb (OKT-3)
was also able to block tumor lysis to a significant extent, the
ranges of inhibition being 70 to 76% for patient 1, 63 to 65%
for patient 2, and 49 to 57% for patient 3. This finding suggests
that the CD11a-CD54 adhesion pathway is critical for effective
CD8™" T-cell mediated lysis of cervical tumor target cells.

Phenotypic analysis. Flow cytometric analysis was used to
determine the phenotypes of the populations of E7-stimulated
CD8" T cells derived from the three patients. All the cells
were CD3%/CD8* and CD4~, with a variable proportion of
CD56 antigen-positive cells. Further analysis revealed the pop-
ulations to be TCR-a/B" (95 to 98%), TCR-y/8" (2 to 5%),
CD25", HLA-DR™, and CD16~ (data not shown). The ex-
pression of CD56 on T lymphocytes was further analyzed by
two-color immunofluorescence (Fig. 2). By this technique,
CD8™ T cells were examined for coexpression of CD56. Dif-
ferent percentages of CD8" T lymphocytes (5 to 55%) coex-
pressed the CD56 surface antigen during culturing, and the
percentage of CD56 expression was shown in repetitive exper-
iments to be strongly correlated with high cytotoxic activity
(data not shown). However, CD56 expression on CD8* T cells
did not appear to be a stable phenotype. Indeed, several ex-
periments revealed that expression of this marker was lost by
the majority of the previously positive CD8"/CD56" T cells
when the cells were cultured in low doses of IL-2 but that
reexpression took place following restimulation with feeder
cells (i.e., autologous or allogeneic irradiated PBL or autolo-
gous irradiated tumor cells) (data not shown).

Proliferation assay. E7-stimulated CD4" T cells (purity,
>99%) were tested for specific proliferation against E7-pulsed
autologous LCL. As controls, unpulsed autologous LCL or
DOTAP-pulsed autologous LCL were used. As shown in Fig.
3, specific proliferation was detectable with E7-pulsed autolo-
gous LCL and was significantly higher (P, <0.01) than that
induced by LCL alone or DOTAP-pulsed LCL. Finally, E7-
specific CD4" proliferation was significantly inhibited by a
MADb to HLA class II molecules (L-243) (Fig. 3) but not by an
anti-HLA class I MAb (W6/32) (data not shown), demonstrat-
ing the recognition of an epitope(s) presented by an HLA class
II molecule(s) of autologous LCL.

Intracellular cytokine expression by HPV 16 or HPV 18
E7-specific T cells. To evaluate whether cytokine expression
from E7-stimulated CD4" and CD8" T cells segregated in
discrete subsets, we took advantage of recently developed flow
cytometric techniques for the detection of intracellular cyto-
kine expression at the single-cell level. Two-color flow cyto-
metric analysis of intracellular IFN-y and IL-4 expression by
CTLs was performed after 6 weeks of culturing and thereafter
as described in Materials and Methods. As shown in Fig. 4, the
majority of CD8 T cells contained intracellular IFN-y but not
IL-4, while a second subset contained both intracellular IFN-y
and IL-4 and a third, minor subset contained only IL-4 (Fig. 4).
All patients showed similar patterns of cytokine expression in
CD4" T cells (Fig. 5). Similar results were consistently ob-
tained in several repetitive analyses for all patients. Unacti-
vated (i.e., resting) CD8" or CD4™ T cells from all three
patients failed to stain for IFN-y or IL-4 (Fig. 4 and 5). Sim-
ilarly, FITC-labeled anti-IgG2a and PE-labeled anti-IgG1 iso-
type controls did not stain either activated or unactivated
CD4™" or CD8" T cells (data not shown).
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DISCUSSION

Until recently, there have been few reports of HPV-specific
CTL responses in humans. Most HPV-specific CTLs have been
documented in mice, in which HPV is not a natural pathogen
(14, 15, 18, 30). This finding has led to the suggestion that HPV
has coadapted to the human host by evading the immune
system (9). However, HPV-infected epithelial cells could fail to
generate CTL responses effectively not because of the lack of
specific CTL precursors but because they do not present ap-
propriate levels of antigenic peptides in association with HLA
class I molecules and because they fail to express costimulatory
molecules necessary for the priming of naive T cells (5, 31, 35).
In agreement with this hypothesis, HPV-specific CTLs recog-
nizing HPV oncoproteins have recently been generated from
the peripheral blood of cervical cancer patients by a peptide-
based epitope approach (1, 10, 19, 42). Unfortunately, cyto-
toxic responses against naturally HPV-infected autologous tu-
mor cells were not tested in these studies. In this regard,
previous reports have warned against the sole use of allogeneic
partially HLA-matched cell lines (19, 28) or autologous pulsed
or transduced cell lines in vitro (2, 3, 13) as a means to reliably
demonstrate specific lysis of targets expressing endogenous
antigen. Indeed, CTLs generated by in vitro primary stimula-
tion with high concentrations of peptides often fail to lyse
targets expressing endogenous antigen (2, 3, 13, 19).

In this study, we demonstrated that full-length E7-pulsed
autologous DC can stimulate a specific CD8" cytotoxic T-cell
response that is capable of killing autologous tumor cells in
patients with invasive cervical cancer. We also show that E7-
pulsed DC can elicit antigen-specific CD4" T-cell proliferative
responses from the same patients. We chose the E7 oncopro-
tein of HPV 16 and HPV 18 as a target antigen for the fol-
lowing reasons: (i) HPV 16 and HPV 18 are associated with the
vast majority of cervical cancer, and the HPV oncogenic pro-
teins E6 and E7 are important in the induction and mainte-
nance of cellular transformation and are coexpressed in most
HPV-containing cervical cancers; and (ii) E7 is a well-charac-
terized cytoplasmic and nuclear protein with little intratypic
sequence variation and is more abundant than E6 in HPV-
associated cervical cancers. In this study, we took advantage of
the cloning and expression in bacteria of E7 as a GST fusion
protein. This strategy allowed us to use protein affinity purifi-
cation under nondenaturing conditions (21) and to produce
large amounts of viral antigen for DC pulsing. The use of the
cationic lipid DOTAP was shown to be instrumental in the
induction of strong and specific CD8" CTL responses against
cervical cancer tumor cells. In this regard, while the intrinsic
toxicity of DOTAP for DC was low, its function was presum-
ably to facilitate the cytoplasmic incorporation of exogenous
antigen for major histocompatibility complex class I-restricted
presentation to CD8" T cells. Consistent with this view, we
found it more difficult to induce specific CTLs against autolo-
gous tumor targets when we used DC pulsed overnight with E7
without DOTAP (data not shown).

Currently, epitope-based immunotherapy for cervical cancer
has several important limitations. One of the major constraints
is that T-cell immune responses to a protein are limited to the
epitopes presented by host HLA molecules. This situation im-
poses severe limitations on the use of synthetic peptides as
immunogens in a heterogeneous (i.e., outbred) population
such as humans. In contrast, the use of autologous DC pulsed
with E7 from the specific HPV serotype involved leaves to the
autologous professional APC the processing and presentation
of one or more epitopes in association with host HLA mole-
cules.
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FIG. 3. CD4" T-cell proliferation in response to stimulation with HPV E7-
pulsed autologous irradiated LCL (LCL/E7) in the presence or absence of an
HLA class II-specific blocking MAb (L-243, 50 pg/ml). T cells (2 X 10%) were
cultured in triplicate with LCL/E7 (2 X 10%) in a 96-well plate for 72 h. [*H]thy-
midine (1 pCi/well) was added to each well for at least 16 h of the assay, and
proliferation was determined by [*H]thymidine incorporation. Stimulation of
CD4™" T cells with irradiated LCL or LCL-DOTAP served as a negative control.
Bars: 1, LCL control; 2, LCL-DOTAP control; 3, LCL/E7 plus 1L.243; 4, LCL/E7.
The difference in mean proliferation determined by [*H]thymidine incorporation
in the presence of LCL/E7 compared to that in the presence of LCL controls is
significant at a P value of <0.01, as determined by Student’s ¢ test, for all three
patients (PT). Data are given as mean * standard deviation.

The generation of potent CTL immune responses requires
the presence of CD4 helper T cells and the presence of both
helper and CTL determinants on the same APC (8). Indeed,
the inability to mount a potent antitumor immune response
has often been attributed to the lack of generation of sufficient
tumor-specific T-cell help (6, 38). In recent clinical studies, the
in vivo persistence of adoptively transferred antigen-specific
CD8" T cells against cytomegalovirus (50) or the enhanced
generation of hepatitis B virus-specific CTLs (49) was depen-
dent upon endogenous CD4 responses. Moreover, the gener-
ation of tumor-reactive T-helper cells has been shown to be

FIG. 2. Two-color flow cytometric analysis of CD56 expression by E7-specific
CD8" T cells. T cells were phenotyped when cytotoxicity was first noted as
described in Materials and Methods. A representative experiment for each
patient is shown. (A) Patient 1. (B) Patient 2. (C) Patient 3.
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priming. After resting for 14 days following antigen stimulation, T cells were activated with PMA and ionomycin. T cells were unstimulated (A, C, and E) or stimulated
for 6 h with PMA and ionomycin (B, D, and F). (A and B) Patient 1. (C and D) Patient 2. (E and F) Patient 3.
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particularly important for the immunotherapy of established
(i.e., vascularized) tumors and metastatic disease in several
murine tumor models (7, 40). We considered it likely, there-
fore, that the stimulation of both CD8" and CD4 ™" E7-specific
T-cell responses would be therapeutically more effective
against cervical cancer than that of the CD8" T-cell response
alone. In this study, we show that E7-pulsed DC can readily
stimulate E7-specificc, HLA class Il-restricted proliferative
CD4™" T-cell responses, in addition to an effective tumor-spe-
cific CD8" CTL response. Immunotherapy with both CD4™"
and CD8" T cells specific for HPV E7 may thus promote the
establishment of long-term tumor-specific immunosurveillance
in vivo.

A significant proportion of the autologous tumor-specific
cytotoxicity was inhibited by anti-HLA class I antibody. Anti-
CD11a/LFA-1 antibody, unlike the anti-CD3 MADb, was also
able to significantly block target cell killing by CD8" CTL.
These data therefore indicate that the majority of the cytotox-
icity against autologous tumor cells was mediated by antigen-
specific HLA class I-restricted CTLs using LFA-1 as an acces-
sory receptor for efficient TCR-dependent target cell
recognition (for a review, see reference 47). The level of K562
killing was low or absent for CTLs from patient 1 but was
detectable in CTL populations from patients 2 and 3. Autolo-
gous LCL were not significantly killed by E7-specific CTLs
unless pulsed with E7 oncoprotein, confirming that although
these CTLs were highly cytolytic for autologous tumor cells,
they failed to kill autologous HPV E7-negative target cells.
Finally, when CTLs from patient 1 were tested for their capac-
ity to specifically lyse an allogeneic (but HLA-A2" HPV 16-
positive matched) cervical tumor target cell line (CaSki),
strong killing was consistently detectable (range at a ratio of
20:1, 47 to 52%). Lysis of CaSki was significantly inhibited by
an anti-HLA class I MAb (W6/32) (range, 58 to 72%), indi-
cating HLA class I-restricted cytotoxicity.

For all three patients, phenotypic analysis of the CTLs re-
vealed a significant CD8*/CD56" subpopulation. This obser-
vation is in agreement with the results of Hilders et al. (23),
who described CD56 expression by CD8* CTLs derived from
tumor-infiltrating lymphocytes from a cervical cancer patient.
Although CD56 can be regarded as an NK lineage marker, the
CTLs described in this study were HLA class I restricted,
unlike the tumor-infiltrating lymphocytes described by Hilders
and colleagues (23). Fluorescence-activated cell sorting for
CD56"M&" and CD56' T cells failed to yield stable populations
of HLA-restricted or HLA-unrestricted, NK-like CD8" CTL,
although we did observe that CD56™" CD8" T cells were
consistently more strongly cytotoxic than CD56'© CD8" T cells
(data not shown). We suggest therefore that CD56 expressed
by CD8" CTL may be an activation antigen associated with
cytotoxic function, rather than a lineage-specific marker.

T-cell-mediated protection from viral infection as well as
control of tumors is thought to be promoted by type 1 cytokine
responses and impaired by type 2 cytokine responses (for a
review, see reference 43). In general, type 1 T cells (CD4 or
CD8) express IL-2, IFN-y, and tumor necrosis factor alpha/
beta and are cytotoxic, whereas type 2 T cells express 1L-4,
IL-5, IL-6, IL-10, and IL-13, provide efficient help for B-cell
activation, and are noncytotoxic. Consistent with this view,
IL-2- and IFN-y-producing type 1 T cells are believed to pro-
mote the development of cell-mediated immunity against
HPV-associated neoplasms. Recent studies by Tsukui et al.
(48) and Clerici et al. (16) have shown significant dysfunction
of type 1 T-cell responses in patients with high-grade cervical
intraepithelial lesions and invasive cervical cancer, suggesting
that progression to cervical cancer from precursor lesions may
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be associated with a preferential type 2 T-cell response. In this
study, we took advantage of a recently developed flow cyto-
metric technique for detecting intracellular cytokine expres-
sion at the single-cell level in HPV 16 or HPV 18 E7-stimu-
lated CD8" and CD4" T cells. Two-color flow cytometric
analysis of intracellular IFN-y and IL-4 expression by CD8*
and CD4" E7-specific T cells demonstrated that HPV-specific
T cells from cervical cancer patients showed a major type 1 bias
in cytokine expression. Indeed, the majority of cytokine-ex-
pressing T cells showed IFN-y expression, while a minority
expressed only IL-4 (Fig. 4 and 5). These findings therefore
support the view that even in patients with a progressive HPV
infection leading to invasive cervical cancer, the presentation
of HPV E7 by DC is still able, at least in vitro, to activate a
strong type 1 T-cell response and that type 1 cytokine expres-
sion is associated with high cytotoxic activity against autolo-
gous tumor cells by CD8™ T cells.

Many recent gene-based strategies for the immunotherapy
of cancer have targeted the genetic modification of tumors in
order to increase their intrinsic immunogenicity. However, it is
becoming increasingly evident that the efficient induction of
tumor-specific CTL responses requires the presentation of the
relevant antigenic peptides to T cells by professional host APC
(27). Recent reports of the use of DC pulsed with specific
peptides have already shown great promise for the effective
treatment of human malignancies by immunological interven-
tion (26, 34). Taken together, the findings of this study illus-
trate the feasibility of full-length E7-pulsed DC vaccines or
adoptive immunotherapy with E7-specific DC-primed T cells
as a powerful strategy for the prevention and treatment of
HPV-associated cervical cancer.
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